We examined the effects of repeated growing season prescribed fire on the structure and composition of mixed pine-hardwood forests in the southeastern Piedmont region, Georgia, USA. Plots were burned two to four times over an eight-year period with low intensity surface fires during one of four six-week long periods from early April to mid-September. Density of saplings (0.25-11.6 cm diameter at breast height) was significantly reduced after one or two fires during the first four-year period. Sapling density declined with additional burning over the next four years, but density of mesic hardwoods including sweetgum (Liquidambar styraciflua) and red maple (Acer rubrum) remained relatively high (~865 stems ha −1 ). Repeated burning had little effect on density or basal area of trees (≥11.7 cm dbh) and changes in overstory structure were limited to small increases in the quadratic mean diameter of all trees and pines. We found little evidence to suggest differential effects on structure or composition due to timing of burn within the growing season. Although repeated growing season burning alters midstory structure and composition, burning alone is unlikely to result in immediate shifts in overstory composition or structure in mixed pine-hardwood forests of the southeastern Piedmont region.
Introduction
Prescribed fire is an important tool for management and restoration of forests around the world [1] [2] [3] [4] [5] [6] [7] . The objectives of prescribed fire are diverse and vary among forest ecosystems, but often include manipulation of stand structure to decrease hazardous fuels [7] , increase diversity and productivity in the understory [8] , and promote open habitat conditions [4] . Responses to prescribed fire also vary among forested ecosystems depending on productivity, species composition, and topography [9] . Accordingly, region specific information is required to provide guidelines and inform managers on the potential outcomes of prescribed fire as a landscape process [10] .
The effects of prescribed fire usually include reductions in basal area and density, but can vary among species with different life history traits (i.e., re-sprouters vs. obligate seeders), as well as among seasons due to differences in phenology and fire intensity [11] . In most cases, growing season burns are considered more effective at reducing woody vegetation than dormant season burns [11] [12] [13] [14] . Less is known about how the effects of prescribed fire differ due to variation in timing of application within the growing season, and there is little consensus among studies from different ecosystems [13] [14] [15] [16] [17] [18] . Furthermore, there is evidence supporting variable response among species within a single ecosystem [14, 18] . There is some evidence that hardwoods are more sensitive to early growing season fires, potentially because root carbohydrate stores may be reduced following leaf production [13, 14] . Pines (Pinus spp.) are sometimes thought to be more susceptible to late growing season fire, but results are mixed [14, 19] . Thus, few generalizations are available to support management across a wide range of forest ecosystems.
In the southeastern United States, more land is treated with prescribed fire than the rest of the U.S. combined [4] . Despite a long history of research on prescribed fire in the Coastal Plain and Southern Appalachian Mountain regions [19] [20] [21] , there is little recent work in the Piedmont region where prescribed fire is an important management practice on federal forest lands. The objectives of prescribed fire on federal lands in the Piedmont region generally include thinning shrubs and hardwood saplings [5] , increasing diversity in the understory [6] , and promoting habitat for the endangered red cockaded woodpecker (Picoides borealis Vieillot). Red cockaded woodpeckers require frequent fire to maintain open stands [22] [23] [24] and will abandon colonies if midstory density gets too high [25] .
Most information on the effects of fire in the Piedmont region dates back to the 1950s and 1960s when prescribed fire was used as a silvicultural tool to reduce hardwood competition in loblolly pine (Pinus taeda L.) stands [26] [27] [28] [29] . Many of these early studies showed that single or a few repeated burns result in a temporary reduction of hardwoods, but some suggest that the net result is typically an increase in hardwoods a few years following a burn [30, 31] . However, long-term studies on repeated fire in the Piedmont region are limited [32] . Thus, managers must draw from studies in the Coastal Plain region where variables such as fuels, burning conditions, and species composition often differ drastically.
We compared effects of repeated growing season prescribed fires on the structure and composition of mixed pine-hardwood forests in the southeastern Piedmont, Georgia, USA. Twenty-four plots were burned two to four times with low intensity surface fires over an eight-year period during one of four six-week long periods from early April to mid-September. We address the following questions:
(1) How do the density and composition of saplings in the midstory change following repeated growing season burns? (2) How do the structure (i.e., basal area, density, and quadratic mean diameter) and composition of overstory trees change following repeated growing season burns? (3) How do the effects of repeated growing season burns on overstory and midstory structure and composition differ when fires are applied at different times within the growing season?
Materials and Methods

Study Site
The 13,355 ha Piedmont National Wildlife Refuge (PNWR) is located in central Georgia near the Ocmulgee River in Jones County, approximately 40 kilometers north of Macon (Figure 1 ). Elevations range from a low of 100 m in creek bottoms to a high of 205 m on upper ridges. Most of the refuge is on severely eroded former agricultural land that was abandoned in the early 1900s. The average annual rainfall is approximately 115 cm and occurs fairly evenly throughout the year, but short (several weeks) dry spells are common in the summer, with more extended droughts occurring every decade or so [33] . The growing season extends from April to October. Temperature maximums average about 15 • C during the winter to above 32 • C in the summer. Soils are primarily Davidson clay loams [34] .
There is little information available on historical fire regimes in the Piedmont region. Cowell [35] used historical land-survey data from the early 19th century and suggested a historical fire return interval from 20-50 years, but Guyette et al. [36] predict a much lower frequency of 2-4 years based on climate and physical chemistry of fuels. The PNWR instituted a 4-year winter burn schedule in the 1960s to improve wildlife habitat on upland pine sites. Within the past two decades, the refuge started to burn many sites on a 3-year rotation, primarily for red-cockaded woodpecker habitat improvement.
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Study Design
The study consisted of three sites which served as blocking units, each with a series of eight plots approximately one hectare in size. Individual blocks varied in overstory structure and composition as well as disturbance history. Basal area in all blocks was composed primarily of loblolly pine but each differed in the amount of oak-hickory and mesic hardwoods (Appendix A). Block 1 had not experienced fire since at least prior to 1980. Blocks 2 and 3 were burned once in the early 1980s and once in the early 1990s, with the exception of two plots.
Two plots within each block were randomly assigned treatments and scheduled to be burned biennially for eight years within one of four six-week windows between early April and the middle of September (Table 1 ). The windows roughly correspond to late spring (April 1 to May 12), early summer (May 13 to June 25), mid-summer (June 26 to August 6), and late summer (August 8 to September 18). Managers were unable to burn according to schedule due to drought and four burns were postponed from 2000 to 2001 and two burns occurred outside their assigned window. These deviations resulted in a few systematic biases. All plots assigned to burn in late spring were burned four times, while those assigned to late summer were burned only three times (and one plot only twice). In addition, both burns that occurred outside of their given range of dates were supposed to be early summer burns. 
The study consisted of three sites which served as blocking units, each with a series of eight plots approximately one hectare in size. Individual blocks varied in overstory structure and composition as well as disturbance history. Basal area in all blocks was composed primarily of loblolly pine but each differed in the amount of oak-hickory and mesic hardwoods ( Figure S1 ). Block 1 had not experienced fire since at least prior to 1980. Blocks 2 and 3 were burned once in the early 1980s and once in the early 1990s, with the exception of two plots.
Two plots within each block were randomly assigned treatments and scheduled to be burned biennially for eight years within one of four six-week windows between early April and the middle of September ( Table 1 ). The windows roughly correspond to late spring (1 April to 12 May), early summer (13 May to 25 June), mid-summer (26 June to 6 August), and late summer (8 August to 18 September). Managers were unable to burn according to schedule due to drought and four burns were postponed from 2000 to 2001 and two burns occurred outside their assigned window. These deviations resulted in a few systematic biases. All plots assigned to burn in late spring were burned four times, while those assigned to late summer were burned only three times (and one plot only twice). In addition, both burns that occurred outside of their given range of dates were supposed to be early summer burns.
All fires were lit as strip-head fires that burned as low intensity surface fires. Burning conditions varied but relative humidity was generally 45%-80% with temperatures of 21-32 • C. Fires generally 
Field Sampling
One circular 0.08 ha plot was located in the center of each treatment plot and all trees >11.7 cm dbh (diameter at breast height) were identified to species and measured at the beginning of the study in 1997 and again at the end in 2005. In addition, a 30.5 m transect was established on an upper slope in each plot. At the midway point, all saplings (woody stems 0.25-11.6 cm dbh) within a radius of 5.1 m (81.7 m 2 ) were identified to species and dbh was measured in 1997, 2001, and 2005.
Data Analysis
We used a one-way repeated measures ANOVA to look at the effects of repeated burning and among seasonal burn window treatments on aspects of forest structure in the overstory and midstory. We chose to use an alpha level of α = 0.05 to control for the potential to inflate Type I error due to the large number of dependent variables we were interested in testing. We chose a simple repeated measures ANOVA over other uni-and multivariate approaches in order to maximize the power of our tests since we had only three replicates for window of burn [38] . In instances where the assumption of circularity in the covariance matrix was not met, probability levels for F-Tests were adjusted using the more conservative Geisser-Greenhouse method [39] . The Tukey-Kramer multiple comparison test was used for post-hoc comparisons.
Analysis of overstory tree data included changes in stand density, basal area, and quadratic mean diameter of all trees and species groups between years (1997-2005) and windows. Species groups included pine, mesic hardwoods, and oak-hickory (see study site description for species composition of each group). The second analysis included the density of all saplings and species groups between years (1997, 2001 , and 2005) and burn windows. 
Results
Saplings
The density of all saplings decreased significantly over time (Table 2, Figure 2a) . Most of the sapling component was made up of mesic hardwoods which also decreased significantly over both time periods (p < 0.00001) (Figure 2a) . Pines decreased significantly (p = 0.021) between 1997 and 2001 but there was no significant difference between 2001 and 2005. There were no significant differences in density between years for oak-hickory saplings.
Results also revealed compositional differences among blocks (Table 2, Figure 2b ). These included all saplings: (p = 0.036), pine (p = 0.0067), oak hickory (p = 0.005), and mesic hardwoods (p = 0.014) (Figure 2b ). Differences in pine saplings among blocks was highly significant (p = 0.0067). No significant differences were found among windows, but there was significant three-way interaction between time, block, and window for all saplings (p = 0.021) and pine (p = 0.038). 
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Results also revealed compositional differences among blocks (Table 2, Figure 2b ). These included all saplings: (p = 0.036), pine (p = 0.0067), oak hickory (p = 0.005), and mesic hardwoods (p = 0.014) (Figure 2b ). Differences in pine saplings among blocks was highly significant (p = 0.0067). No significant differences were found among windows, but there was significant three-way interaction between time, block, and window for all saplings (p = 0.021) and pine (p = 0.038). (Figure 3a) . Density of all trees decreased significantly (p = 0.03) from 440.9 to 395.7 trees ha −1 (Figure 3b) . Density of pine trees also decreased significantly (p = 0.012) from 265.5 to 228 trees ha −1 . Quadratic mean diameter of all trees increased significantly (p < 0.001) from 27.2 to 28.9 cm (Figure 3c ). Quadratic mean diameter of pines also increased significantly (p < 0.001) from 32.1 to 34.3 cm.
Differences in overstory forest structure and composition among blocks were significant (p ≤ 0.05) ( Table 3 ). Attributes of forest structure with significant differences included basal area (p = 0.05) and density (p = 0.04) of all trees, which were both greatest in Block 3 and lowest in Block 1 ( Figure S1 ). Mesic hardwood abundance was also highest in Block 3 and lowest in Block 1, and significant differences among blocks included basal area (p = 0.02), quadratic mean diameter (p = 0.019), and density (p = 0.03) ( Figure S1 ). There were no differences among burning windows for density or basal area of all trees or species groups (Table 3) . Mesic hardwoods' quadratic mean diameter differed among windows (p < 0.001), but there was a significant block by window interaction (p < 0.001) ( Table 3 ). Significant two-way interactions included time and window for mesic hardwood basal area (p = 0.05), block and window for mesic hardwood basal area (p = 0.013) and density (p = 0.03). Three-way interactions among time, block, and window for oak-hickory quadratic mean diameter were also significant (p = 0.023). These results suggest a large degree of variation in composition (particularly abundance of mesic hardwoods) among windows. There were no differences among burning windows for density or basal area of all trees or species groups (Table 3) . Mesic hardwoods' quadratic mean diameter differed among windows (p < 0.001), but there was a significant block by window interaction (p < 0.001) ( Table 3 ). Significant twoway interactions included time and window for mesic hardwood basal area (p = 0.05), block and window for mesic hardwood basal area (p = 0.013) and density (p = 0.03). Three-way interactions among time, block, and window for oak-hickory quadratic mean diameter were also significant (p = 
Discussion
Our results agree with early work in the southeastern Piedmont that the most consistent and readily observable effect of fire is an immediate reduction in density of saplings and smaller trees [26] [27] [28] [29] . However, our results also demonstrate that repeated burning can be effective at maintaining and even furthering initial decreases in midstory density. Differential responses among species groups suggest minor compositional changes, specifically the loss of some smaller pine trees and saplings and mesic hardwood saplings in the midstory, but changes in overstory trees >11.7 cm dbh were limited. Overall, we found little evidence to suggest that repeated burning during different time periods within the growing season resulted in different structural or compositional changes.
Effects on Midstory Saplings
While other studies in the region have reported net increases in hardwood saplings after single or few burns [28, 30, 31] , our results suggest that three or four burns may effectively reduce sapling density. These results are consistent with Dey and Hartman [40] who found that the probability of surviving a fire decreases with increasing number of burns for many of the species in our study. Differences between pines and hardwoods were apparent and related to the ability to re-sprout following top-kill. In Block 1 where density was initially high, pine saplings were reduced by almost four times between 1997 and 2001, followed by only a minor reduction at the final sampling period. Mesic hardwood saplings, the most abundant group, declined at a similar rate over both time periods but final densities were still relatively high (~800 stems/ha) as a result of sprouting. Although the least abundant, oak-hickory saplings were also maintained by re-sprouting and appear to be the most resilient as repeated burning did little to reduce sapling density except in Block 1. While continued burning at frequencies of 2 to 3 years would likely maintain lower densities of saplings, evidence from the coastal plain suggests that annual burning would be required to entirely eliminate sprouting hardwoods [20] .
Effects on Overstory Trees
Repeated growing season fires had very little effect on the structure of overstory trees. Despite a slight increase in the quadratic mean diameter, there was very little change in density and basal area. Any losses of basal area to mortality were evidently offset by growth of surviving trees. Significant decreases in quadratic mean diameter of all trees and pines alone suggest some mortality of smaller pine trees, but it is unlikely that fire alone accounts for the observed changes. Past work has shown that low intensity fires such as those in this study rarely kill loblolly pines ≥11.7 cm dbh [41] [42] [43] . Instead, slight changes in density and quadratic mean diameter are most likely the result of density-dependent mortality of smaller, suppressed pines. Mortality of smaller pines may be related to self-thinning (e.g., Peet and Christensen [44] ) that may have been accelerated by fire and drought during the study period. Assessing the relative contribution of burning and drought to observed dynamics is difficult, however, especially without unburned controls.
Mesic hardwoods and species of oak-hickory showed very little evidence of change compared to loblolly pine, and our results are consistent with other studies that found little effect of fire on hardwood species ≥11.7 cm dbh [26, 45] . Once hardwood establish and reach this size, it appears unlikely that low intensity fire will be sufficient to affect composition of these species. Some species of mesic hardwoods may be less susceptible to suppression and thinning because they are more shade tolerant (e.g., red maple, Florida maple, and flowering dogwood), while oaks may be more tolerant of drought [46] . Although our results suggest that repeated burning may have little short-term effect on overstory structure and composition, lack of recruitment into smaller size classes from the decreased sapling pool may result in longer-term changes with continued application of prescribed fire.
Timing of Growing Season Burn
Past studies on the effects of seasonality and timing of burn have been limited due to confounding variables and problems in experimental design [18] . Likewise, this study has some experimental flaws primarily due to difficulties in following the original burn schedule. Despite these issues, we found little evidence to suggest that time of burn within the growing season affects forest structure or composition in the understory after three or four repeated fires have been applied. Our results provide little evidence to support differential effects of burn timing after eight years, but do not necessarily discount the potential importance of growing season burn window which may have longer term consequences or interact with reproduction of individual species.
Management Considerations
One of the foremost goals of burning on public land in the Piedmont of the southeastern US is the promotion of habitat for red-cockaded woodpeckers which are strongly associated with open park-like pine savannahs with little woody vegetation in the midstory. Woodpecker cluster stands in loblolly/shortleaf pine forests generally have basal areas between 9-14 m 2 ha −1 [22] with less than 3 m 2 /ha of the total being hardwood [23] . Given the lack of overstory change observed in this study, our data suggest that repeated growing season burns alone are insufficient to establish suitable habitat for red-cockaded woodpeckers in an eight-year period. Basal area in our plots was still more than twice that recommended for woodpecker habitat. Controlling woody vegetation in the midstory is also of particular importance as birds will abandon cluster sites when midstory basal area reaches 5 m 2 /ha [24, 25] . Although burning has the potential to eliminate saplings and prevent recruitment into the midstory, mechanical thinning would be necessary to reduce basal area, particularly that of mesic hardwoods, to promote suitable habitat.
The lack of structural change after repeated fire suggests very low intensity of the growing season burns in the Piedmont region. A large contribution of mesic hardwood litter to live and dead fuels can decrease flammability of surface fuels [41] and limit fire intensity, hindering the ability of managers to achieve desired outcomes under an acceptable prescription. Even during drought conditions, relative humidity and fuel moisture in live vegetation may remain high during the growing season and more aggressive ignition techniques (i.e., headfires) may be required for greater success at reducing hardwood density. Other work on prescribed fire in the southeastern United States found that despite more drought-like conditions during the growing season, dormant season burns were higher in intensity due to lower amounts of live fuels and greater total fuel loads [47] . Thus, dormant season burns may also have greater potential to achieve desired management outcome.
Conclusions
Repeated growing season burns have the potential to alter forest structure in Piedmont forests by decreasing sapling density in the midstory, but low intensity fires such as the ones in our study result in little change in overstory structure and composition. A continued regime of frequent growing season burns may result in forest structure resembling Coastal Plain pine savannahs at longer time scales, but long-term compositional changes are unclear. Greater fire free intervals are necessary to allow for loblolly pine regeneration to attain a size capable of surviving fire but could allow for competing hardwoods to reach fire tolerant stature unless more fires can completely kill and eliminate sprouting individuals. Although we found no evidence that burning at different times throughout the growing season has differential effects on forests of the Piedmont region, we cannot discount the potential for differences in effects with more intense fires.
Supplementary Materials: The following are available on line at http://www.mdpi.com/1999-4907/6/1/8/s1, Figure S1 : Differences among blocks in the effects of repeated growing season prescribed fire on (a) basal area, (b) density, and (c) block quadratic mean diameter of overstory trees (≥11.7 cm dbh) in mixed pine-hardwood forests of the Piedmont National Wildlife Refuge near Macon, Georgia, USA.
